Abstract Because of the high mutation rate of microsatellites, polymorphism at microsatellite loci might be predicted to reflect the effective population size over a time span of about 10,000 years and thus to be associated with biogeographic factors impacting species on that time frame. This prediction was tested by comparing heterozygosity at microsatellite loci from 294 bird species, including 58 species endemic to oceanic islands. Controlling statistically for phylogenetic effects, mean heterozygosity was significantly reduced in oceanic island endemics compared to other species. There was also an effect of current endangerment, statistically independent of the effect of island endemicity. These results support the hypothesis that long-term effective population size can be an important causative factor behind differences among species with respect to microsatellite heterozygosity.
The effective population size (N e ) is a fundamental parameter of biological populations for a variety of reasons, including the fact that the efficiency of natural selection is an increasing function of N e . N e is thus of particular interest to conservation biology, because when N e is very small, it may not be possible for selection to remove deleterious variants, some of which may then drift to fixation (Lande 1998; Kohn et al. 2006 ). Furthermore, because N e determines the rate at which neutral polymorphisms are lost due to drift, N e is correlated with the average gene diversity (heterozygosity) at selectively neutral loci (Nei 1987) . As a consequence, examination of gene diversity at neutral loci can provide an important indicator of N e and thus of a population's prognosis for long-term genetic health (Kohn et al. 2006) . Note that in general, N e is not the same as the current census size (N) of a population (Nei 1987) . Although N e and N may be roughly correlated across species, it is expected that there will be some exceptions to such a trend; for example, species with high N but low N e as a result of recent expansion after a severe bottleneck (Nei 1987 ).
An important fact about N e is that it can be measured over different time scales (Lynch 2007) . For example, the long-term N e of a species reflects changes in population size over a very long time frame-hundreds of thousands of years in the case of eukaryotes. Because of the relatively low mutation rate of nucleotide sequences, polymorphism in nuclear or mitochondrial genomes of animals reflects long-term population sizes over periods of several hundred thousand years. Thus, the effects of ancient bottlenecksfor example those caused by glaciation events (Hughes and Hughes 2007) -are likely to be reflected in current polymorphism. By contrast, although the mutation rates vary considerably among microsatellite arrays, it is generally agreed that microsatellite mutation rates are several orders of magnitude higher than the rates of point mutation in DNA sequences (Ellegren 2004; Schlötterer 2000) . As a consequence, it might be expected that microsatellite polymorphism should reflect N e over a shorter time-frame, perhaps the last 1,000-10,000 years. Evans and Sheldon (2008) presented evidence that microsatellite heterozyosity in birds is negatively correlated with the degree of current extinction risk as categorized by the World Conservation Union (IUCN). These authors did not directly address the causal factors behind this relationship, although they did mention the impacts of very recent anthropogenic impacts on population size as a possible factor in reducing heterozygosity of endangered species (Evans and Sheldon 2008) . On the other hand, population genetics theory predicts that even an extreme bottleneck will not necessarily have an immediate impact on heterozygosity, unless there is a founder effect; rather the reduction of heterozygosity is expected to be more pronounced when the bottleneck is prolonged (Nei et al. 1975) . Since anthropogenic effects generally are recent (since the European expansion of the past 500 years; Hughes 1999), anthropogenically caused bottlenecks may not always have occurred over a sufficient time span to cause a substantial loss of heterozygosity.
Thus, it might be expected that biogeographic factors acting over a longer time scale than recent human activity may impact avian effective population size and thus heterozygosity, independently of any effects of current endangerment. One example of such a factor might be oceanic island endemicity, because an insular distribution imposes a restricted range (Purvis et al. 2000; Hughes and Hughes 2007) . Here I test the hypothesis that microsatellite heterozygosity in island endemic species of birds is reduced in comparison to that of species with a continental distribution, independently of recent anthropogenic impacts.
Even though events (such as population bottlenecks) occurring during or after speciation are likely to have a major impact on the effective population size of many species (Hughes and Hughes 2007) , in at least some cases effective population size may be correlated with phylogenetic history as well (Fisher and Owens 2004) . For example, ecological factors associated with relatively reduced population size (such as occupying a top-predator niche; Fa and Purvis 1997) may be correlated with anciently evolved adaptations of phylogenetic lineages. In addition, it is possible that different clades may have different mutation rates, related to factors such as generation time (Nabholz et al. 2009 ). Therefore, I use a statistical approach that tests for major phylogenetic effects and allows testing for other effects controlling for the effect of phylogeny.
Methods
Estimates of mean heterozygosity (H) at polymorphic microsatellite loci were gathered from the published literature for 294 bird species belonging to 86 families (Supplementary Table S1 ). 161 values were taken from Evans and Sheldon (2008) ; the remainder were from other published sources (Supplementary Table S1 ). When available, expected heterozygosity (''gene diversity,' ' Nei 1987) was used rather than observed heterozygosity, because of the lower variance of the former (Nei 1987) ; but preliminary analyses indicated that, when the authors provided both expected and observed heterozygosities, these values were closely correlated. Only species for which data were available for at least four polymorphic loci were included. The mean number of polymorphic loci was 11.5 (median = 9.0; range = 4-106). The mean number of individuals analyzed was 96.0 (median = 44.0; range = 4-1,057). Neither the number of loci (r = -0.046; n.s.) nor the number of individuals (r = 0.062; n.s.) was significantly correlated with H.
Only loci polymorphic in the species under study were included in the analyses. In fact, most papers reporting heterozygosity at microsatellite loci report data only for polymorphic loci because the authors' interest is in providing tools for future ecological or behavioral work. If the authors did report data on invariant loci, those loci were not included in the computation of the mean value for the species in the present study. Primmer et al. (2005) found that cross-species microsatellite amplification and polymorphism are inversely related to evolutionary distance between avian species. In most cases analyzed here, the primers for the microsatellites were developed specifically for the species to which they were applied. In the few cases where data from cross-species primers were included, the primers were applied to closely related, congeneric species. Because only polymorphic loci were used, any primer set that did not amplify or did not show polymorphism was excluded.
H was used as dependent variable in analyses using a fully nested general linear models (GLM) approach. The super-ordinal relationships among avian orders were incorporated in GLM models (Grafen 1989 ) using the phylogeny of Livezey and Zusi (2007) . This phylogeny was based on morphological data, permitting rooting of the tree with non-avian theropods; and it is consistent in most respects with published molecular phylogenies (Livezey and Zusi 2007) . Applied to the orders of birds for which data were available in the present data set, this phylogeny comprised 7 nested levels (Fig. 1) . Families, nested within orders, provided an eighth level. The model consisting of the 8 nested classificatory variables based on the phylogeny is referred to below as the ''phylogeny model.'' Two additional categorical variables were used:
1. IS By this variable species were categorized as insular (having a breeding range restricted to one or more oceanic islands having a total land area less than or equal to that of Madagascar (8 9 10 5 km 2 ) or continental). In preliminary analyses, 6 species inhabiting large islands (greater than 1 9 10 5 km 2 in total land area) were excluded from the analysis; but the results (not shown) were essentially the same as with the larger data set. Therefore only the latter results are reported below. 2. END By this variable species were categorized as nonendangered, vulnerable, or endangered according to information from IUCN website (http:// www.redlist.org). The IUCN uses five categories to classify species, which I combined into three categories because some categories included only a small number of species in the data set; however, in preliminary analyses, the results were similar when categories were not combined or were combined in somewhat different ways from that reported below. My non-endangered category (219 species) corresponded to IUCN's ''least concern.'' In the category vulnerable (41 species) I combined IUCN's ''near-threatened'' (10 species) and ''vulnerable'' (31 species) categories. Likewise, in the category endangered (28 species), I combined IUCN's ''endangered'' (23 species) and ''critically endangered'' (5 species) categories.
In the GLM analysis, I used a model in which IS was nested within family, which was nested within the higher phylogenetic categories, and END was nested within IS. I refer to this below as the ''full model.'' Because this model was fully hierarchical, effects at any level of interest could be explored by examining residuals from the next higher order model; that is, a model including only the levels higher than the level of interest. A model that included only the phylogenetic categories is referred as the ''phylogeny model''; the residuals from the phylogeny model are equivalent to deviations from the family means. All means are presented plus or minus standard errors. Deleted-t residuals (equivalent to a test of the improvement in the fit of the model by removing an individual observation) were used to identify outliers from the full model.
Results
A fully hierarchical model based on phylogenetic variables, insular versus continental breeding distribution (IS), and endangerment (END) was used to predict microsatellite heterozygosity (H) in 294 species of birds, including 58 island endemic species (Supplementary Table S1 ). There were four significant phylogenetic effects.
1. There was a significant effect (F 1,160 = 4.90; P = 0.028) at phylogenetic level 7 (as numbered in Fig. 1) ; that is, a difference in mean H between the two Cohorts of Neornithes (Livezey and Zusi 2007) : Paleognathae (mean = 0.736 ± 0.069 SE; N = 3 species) and Neognathae (mean = 0.639 ± 0.009 SE; N = 291 species). 2. There was a significant effect (F 1,160 = 5.93; P = 0.016) at phylogenetic level 3 (Fig. 1) . Examination of residuals showed that this effect was due to a difference between the two sections within the subdivision Dendrornithes (Livezey and Zusi 2007): Raptores (mean residual from the next higher order model = -0.098 ± 0.024; N = 28) and Anamalogonates (mean residual from the higher order model = 0.016 ± 0.011; N = 169). Raptores includes Falconiformes and Strigiformes, while Anomalogonates includes Cuculiformes, Psittaciformes, Coraciiformes, Piciformes, and Passeriformes (Fig. 1 ). 3. There was a significant effect (F 8,160 = 2.74; P = 0.007) corresponding to a difference among orders within phylogenetic level 1 (Fig. 1) . Examination of residuals showed that this effect was due to a difference between the two orders in the Galloanserae: Anseriformes (mean residual from the next higher order model = -0.075 ± 0.033; N = 21) and Galliformes (mean residual from the higher order model = 0.083 ± 0.031; N = 19). 4. There was a significant effect of families within orders (F 63,161 = 1.40; P = 0.049); many differences among families contributed to this effect.
In the full model, there was a highly significant effect of IS within families (F 17,161 = 3.61; P \ 0.001). This effect was due to lower mean H in island species than in continental species (Fig. 2a) . The mean residual from the Fig. 1 Relationships of avian orders used in data analysis, based on the phylogeny of Livezey and Zusi (2007) . Numbers indicate hierarchical levels used in general linear model phylogeny model (equivalent to the deviation from the family mean) was 0.015 ± 0.007 in the case of continental species, but -0.061 ± 0.018 in the case of insular species (Fig. 2a) . In addition, there was a significant effect of END within IS (F 30,161 = 2.08; P = 0.002) in the full model. The mean residual from a model including the phylogeny plus IS (the phylogeny ? IS model) was 0.008 ± 0.006 for non-endangered species; 0.001 ± 0.018 for vulnerable species; and -0.059 ± 0.025 for endangered species (Fig. 2b) .
In the full model, all phylogenetic effects accounted for 42.9% of the total variance; IS accounted for 13.4% of the total variance; and END accounted for 12.7% of the total variance. The entire model thus accounted for 67.2% of the variance in H. Significant negative deleted-t residuals identified 6 species with substantially lower H than predicted by the model (Table 1) . Two of the 6 species were endangered, the Galápagos Penguin and the Crested Ibis; and the former species is also an island endemic (Table 1) .
Discussion
Analysis of microsatellite heterozygosity (H) in 294 species of birds showed significantly reduced H in island endemics in comparison to mainland species. Because the long-term effective population sizes of island endemics are likely to be relatively small (Hughes and Hughes 2007) , the results support the hypothesis that long-term effective population size can be an important causative factor behind differences among species with respect to microsatellite H. There was an independent association of current endangerment with reduced H, which accounted for a slightly smaller percentage of the overall variance in H than did island endemicity. This finding supported the hypothesis that recent anthropogenic impacts have been a factor reducing genetic in diversity of certain endangered species (Evans and Sheldon 2008) . However, the effect was only seen in the species categorized as endangered, not those characterized as vulnerable.
In 89 avian species for which an estimate of the current population size was available, Evans and Sheldon (2008) found a positive correlation between microsatellite H and population size. In population genetics theory, heterozygosity is expected to be correlated with effective population size, not current census number (Nei 1987) ; but in general effective population size is probably roughly correlated with current census number (Nei and Graur 1984) . Thus, this result of Evans and Sheldon (2008) is consistent Fig. 2 a Box-and-whiskers plots showing mean (solid circle) and median (horizontal line) residual from the phylogeny model for species classified as continental or insular. b Box-and-whiskers plots showing mean (solid circle) and median (horizontal line) residual from the phylogeny ? IS model for species classified as nonendangered, vulnerable, or endangered. In each case, numbers of species are indicated. The box indicates the first quartile (Q1) and third quartile (Q3), and the whiskers the range from Q1 -1.5(Q3-Q1) to Q3 ? 1.5(Q3-Q1) Evans and Sheldon (2008) show certain outliers with much lower microsatellite heterozygosity than expected by census number; and these species are likely to be those that have undergone a recent expansion. Besides effective population size, the major other factor expected to contribute to microsatellite polymorphism is mutation rate. Mutation rate certainly differs among microsatellite loci (Brinkmann et al. 1998) ; but, since the present analyses were applied to the mean across several microsatellite loci, such differences may contribute relatively little to differences between avian lineages. In the case of mtDNA sequences, Nabholz et al. (2009) presented evidence that mutation rate differences among lineages, rather than differences in effective population size may account for differences among species with respect to diversity. For example, Nabholz et al. (2009) reported a lower mtDNA substitution rate in Falconiformes than in Piciformes or Passeriformes, and a lower mtDNA substitution rate in Anseriformes than in Galliformes. Both of the latter trends parallel significant phylogenetic effects on microsatellite H observed in the present analyses, suggesting that microsatellite mutation rates might be correlated with those of mtDNA.
On the other hand, ecological adaptations of major lineages may give rise to differences in long-term effective population size, and such ecological differences, rather than mutation rate differences, may account for the observed phylogenetic effects. For example, population sizes of top predators are generally low relative to prey species (Fa and Purvis 1997) ; and the lower H in Falconiformes and Strigiformes (diurnal raptors and owls) in comparison with the other orders of Dendrornithes (including parrots, rollers, woodpeckers, and perching birds) is consistent with lower long-term effective population sizes in the former. Similarly, the higher mean H in Galliformes (pheasants, quail, and their relatives) than Anseriformes (ducks, geese, and their relatives) may be due to the ecological difference between these orders. Because of their aquatic adaptation, Anseriformes may have restricted available habitat in comparison to the terrestrial Galliformes, resulting in reduced average effective sizes, an effect that may be magnified by a positive occupancy-abundance relationship (Holt et al. 2002) . Thus, at present, it is not possible to determine whether the observed phylogenetic effects are due to mutation rate differences, to differences in long-term effective population size resulting from distinct ecological adaptations, or to some combination of both factors.
The six species, two of them endangered, with significant negative deleted-t residuals provided examples of species with unexpectedly low H that was not well explained by the model (Table 1) . One of the two endangered species, the Galápagos Penguin has probably always had a small population, restricted to two small oceanic islands, and its current population numbers in the thousands (Boersma 1998) . Unlike most other severely endangered species in the data set (Supplementary Table S1 ), the Crested Ibis is not an island endemic; but there are only some 80 remaining members of this species, including those in captivity (Wingfield et al. 2000) . The low H values of the four non-endangered species are less easily explained. The King Eider is a widespread species of the North American arctic; the fact that this species shows little spatial genetic structure (Pearce et al. 2004) suggests that it may have expanded since the last glaciation from a small ancestral population and thus may have a low long-term effective population size. The Long-tailed Manakin is a lek-forming species (Trainer and McDonald 1995) , while both the Superb Starling (Rubenstein 2005 ) and the Southern Emuwren (Maguire and Mulder 2004) are cooperative breeders. Thus all three of these species have unusual mating systems that are likely to reduce effective population size, because of unequal contributions of adults to breeding (Nei 1987) .
The conclusion that island endemicity is associated with differences among species with respect to microsatellite H is consistent with the hypothesis that microsatellite heterozygosity is determined to a substantial extent by genetic drift, as expected under population genetics theory if microsatellite polymorphism is largely selectively neutral or nearly so (Nei 1987) . Moreover, even though island endemics are particularly likely to be endangered (Hughes 2004; Purvis et al. 2000) , the present results suggest that the impact of long-term effective population size on H at microsatellite loci is independent of the reductions in population size that have occurred in certain species as a result of recent anthropogenic endangerment.
